We report nonlinear optical investigation of green emission GaInN/GaN multi-quantum structures grown along c-and m-axes on sapphire and bulk GaN substrates, respectively. Under intense pulsed photo excitation, we observed strong superluminescence near the lasing condition in c-plane grown quantum well structures with full width at half maximum of 6 nm. The superluminescence couples out of the edge of the sample in a mode pattern consistent with gain in a high mode of the waveguide. The wavelength of the superluminescence is 474 nm. The threshold intensity of superluminescence was found to be 156 kW/cm 2 . Increasing pump intensity leads to a strong photoluminescence blueshift as large as 380 meV in samples grown along the c-axis on sapphire substrate, while under the same excitation conditions, the blue shift for the m-axis grown structure on bulk GaN substrate is less than 10 meV. The large emission blueshift is hereby attributed to the internal piezoelectric field in the c-axis grown structure. Its absence in the m-axis structure could enable low threshold current visible laser diodes.
INTRODUCTION
GaInN/GaN quantum well (QW) structures are the system of choice for UV and blue laser diodes (LDs) and also hold the biggest promise for green laser diodes [1, 2] . The successful development of this material system, however, requires identification of the underling physical mechanisms for spontaneous and stimulated emission. In particular, for structures with high In content GaInN layers, large piezoelectric fields in c-axis oriented QWs are known to play a crucial role in the spontaneous emission process. Such a phenomenon also must be expected for the stimulated emission process [3, 4] . By means of the quantum confined Stark effect (QCSE) in the fields of the strong piezoelectric polarization, electrons and holes tend to become separated in real space and so reduce the interband transition matrix element [4] . It is expected that even under high carrier injection conditions, the optical gain can detrimentally be affected in the consequence. On the other hand, potential fluctuations in the active layers are known to lead to a broadening of the optical emission band, further reducing the optical gain.
Here we report the optical properties of green emitting GaInN/GaN multi-QW (MQW) structures near the lasing conditions under pulsed and continuum (cw) laser excitation. The effect of the polarization field on the optical properties is evaluated by comparing the emission properties of GaInN/GaN QW structures grown along the polar c-axis on c-plane sapphire substrate and along the non-polar m-axis on m-plane bulk GaN substrate. The frequently used expressions polar and non-polar growths are slightly misleading since they only refer to the conditions of an individual sample crystal, e.g., GaN. Heterostructure growth along the non-polar axis of GaN necessarily induces biaxial strain and the associated piezoelectric polarization. This is on top of the heterointerface induced pyroelectric components. Nevertheless, heterostructures grown along the m-or a-axes of GaN are promising and efficient approaches to vary and reduce piezoelectric polarization in GaInN/GaN QWs.
EXPERIMENT
GaInN/GaN MQW structures have been grown by metal organic vapor phase epitaxy (MOVPE) along the c-axis of sapphire (sample C) and along the m-axis of bulk GaN (sample M) substrates. The MQW consists of five Ga 1-x In x N/GaN QWs of 3 nm nominal well width separated by barriers of nominal width 11 nm. From the fact that both structures were grown under identical MOVPE conditions, we assume the same alloy composition in all QWs (x = 0.15 -0.20). More accurate values are not available at this time, in particular for the m-plane growth. For this recently developed growth orientation, new x-ray diffraction analysis methods have yet to be developed. The optical performance under pulsed and cw excitation was studied by photoluminescence (PL) spectroscopy in edge emission configuration using a 5 cm focal length spectrometer setup including a charged coupled device as the detector. High pump intensity measurements were carried out with a nitrogen laser (λ = 337.1 nm) with 10 ns pulse width and maximum pulse energy of 0.1 mJ. Low pump intensity measurements were carried out with a HeCd cw laser of wavelength 325 nm and power 8 mW. The optical pump intensity dependent PL measurement was performed by controlling pump beam intensity using calibrated glass slides as neutral density filters. The variable stripe length method [5] was used to measure the optical gain of the structure. Optical re-absorption measurements were performed by varying the separation of excitation spot location and the emission edge of the sample [6] . Fig. 1 shows the edge emission PL spectra of samples C and M plotted for several pump intensities under pulsed nitrogen laser excitation. The excitation stripe length in both cases was 5 mm. The PL spectra were also measured under cw laser excitation at a low excitation density of 20 W/cm 2 . While emission in the c-axis sample (C) peaks at 555 nm (Fig. 1a) , emission in the maxis sample (M) shows a maximum at 492 nm (Fig. 1b) . Apparently, despite the identical applied MOVPE conditions, a significantly shorter emission wavelength is observed in the structure of reduced polarization. While it cannot be excluded that this difference is due to different In incorporation properties of both growth surfaces despite the offered identical environment conditions, the more likely cause is the absence or reduction of polarization in the m-axis structure.
DISCUSSION
In the c-axis grown structure, PL under pulsed low excitation density appears at 494 nm and shifts to shorter wavelengths of 476 nm under high excitation density (See Fig. 1 ). In parallel, the full width at half maximum (FWHM) of the edge emission PL narrows from 82 nm to 6 nm and the far field pattern splits into two distinct maxima with enhancing its intensity exponentially (see Fig. 2(a) ). These observations are clear indications of superluminescence. No such superluminescence behavior was observed in sample M as pump intensity increases. Instead, in the absence of a far field pattern in sample M, PL intensity increases linearly with increasing pump intensity, while its FWHM stays greater than 20 nm. The fact that we cannot observe superluminescence in sample M is most likely due to the fact of the early stage of epitaxial growth optimization along the crystallographic m-axis.
The PL behavior in sample C is consistent with an optical amplification due to the stimulated emission. The threshold to superluminescence occurs at an external pump excitation density of 156 kW/cm 2 equivalent to 1.56 mJ/cm 2 . A far field pattern consisting of two narrow beams propagating at a separation angle of 40 degree can be observed. This indicates that the highest gain waveguide mode is of a high spatial order of 5-10. This can be expected from the large asymmetry in our layer structure [7] . In fact, our calculations identify it as the 7 th order transverse electrical mode. It extends through the entire ~5 µ m thick epitaxial layer surrounded by air and sapphire as upper and lower cladding layers, respectively. Furthermore, comparing different c-axis grown QW structures, we observed that the I exc -induced blueshift increases with the emission wavelength. The PL blueshift for the non-polar sample M measured under the same conditions is only a few nanometers (10 meV). We attribute this relevant difference to the strong piezoelectric polarization across the QW that only acts in c-axis grown structure. This polarization shifts the emission peak to the lower energy side. Then, as the excitation pump intensity increases, the internal field may in part become screened by the injected carrier pairs and the emission line shifts towards a wavelength corresponding to the absence of piezoelectric polarization. The observation of a lager blueshift in samples with longer emission wavelength supports this interpretation, since the polarization dipole increases with the InN-fraction in the c-axis oriented QW.
Optical gain measurements were performed using the variable stripe length method under edge emission configuration. The samples were excited with a rectangular narrow laser stripe of dimension 5 mm x 0.69 mm with intensity of 10 kW within the stripe. The laser power was measured externally, however, due to the reflection and scattering at the sample surface, the net energy that propagates into the MQW structure could be somewhat less than the given value. The PL intensity, integrated over the wavelength range from 400 nm to 550 nm is plotted against the stripe length for sample C in Fig. 3 . During the gain measurement, the stripe length was varied from 0 mm to 5 mm in steps of 0.125 mm using a traveling knife edge to control the laser stripe length. For small stripe length, the integrated PL intensity varies almost linearly with the stripe length. When the stripe length exceeds 3.75 mm, the PL intensity begins to increase exponentially with increasing length. At the same time, the PL peak width decreases dramatically as the output in the high intensity PL grows exponential with length. Moreover, the output on either side of the peak only grows slowly, as the stripe length exceeds 3.75 mm. The net gain of the integrated output is determined from the slope of the log of the PL intensity versus stripe length (> 3.75 mm). The net wavelength-integrated superluminescent gain for (polar) sample C is thus 20 cm -1 . This value at 474 nm is lower than the reported optical gain values in similar structures at 425 nm [8, 9] . However, the superluminescence in our sample occurs at significantly longer wavelengths. It has been reported that the oscillator strength between electron and hole in the QW weakens as the piezoelectric field increases, thus reduces the optical gain [10] . Therefore, it is possible that the higher InN-fraction associated with the larger polarization field these longer wavelength samples results in lower optical gain due to the reduced oscillator strength. The measured optical gain is strongly affected by optical re-absorption known as absorption loss. The absorption loss can be estimated by using a small excitation beam spot under conditions of spontaneous luminescence and moving the spot across the sample, increasing the travel length of the luminescence through the sample to the emission edge. The result of the measurement is shown in Fig. 4 and indicates that this absorption loss is about 2.3 -6.0 cm -1 . In the literature, similar absorption loss values have been reported for GaInN/GaN epitaxial layer structures with similar defect density (~ 10 8 cm -2 ) [11, 12] . This is an extremely low value.
